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A B S T R A C T   
Bulk equiatomic AlCrFeTi medium entropy alloy was produced by mechanical alloying (MA) and spark plasma 
sintering (SPS). Powders with a homogeneous chemical composition composed of amorphous and bcc phases 
were obtained due to MA. Bulk, almost porosity free specimen of the alloy with the measured density of 5.53 ±
0.07 g × cm− 3 was obtained after SPS. A mixture of a (Fe, Ti)-rich C14 Laves phase, a Cr-rich bcc phase, and an 
Al-rich L12 phase was found in the as-sintered specimens. The average size of grains/particles of the different 
phases was 115 ± 100 nm. Annealing at 1000◦С resulted in some coarsening of the microstructure to the grain/ 
particle size of 140 ± 120 nm and in an increase in the fraction of the bcc and L12 phases, yet the microstructure 
was found to be relatively stable. After SPS the AlCrFeTi alloy had a high microhardness of 1090 ± 120 HV, 
which decreased after annealing to 870 ± 70 HV. Compression tests have meanwhile revealed low ductility of the 
alloy after SPS – the alloy exhibited brittle fracture at room temperature and became ductile at only 800 ◦C. After 
annealing the alloy demonstrated reasonable ductility already at 700 ◦C. Also, the annealed alloy had a 
remarkable specific yield strength of 258 kPa × m3/kg at 700 ◦C. The experimental data on the phase compo-
sition of the alloy was compared with the Thermo-Calc predictions, and the relationships between the structure 
and properties of the alloy were discussed.   
1. Introduction 
The so-called high entropy alloys (HEAs) and related medium en-
tropy alloys (MEAs) have attracted considerable attention from the 
materials scientists worldwide in the recent decade [1–4]. The nearly 
equiatomic compositions place the HEAs in the unexplored central po-
sitions of multicomponent phase diagrams [4,5]. As a result, the new 
alloying strategy allows creating alloys with unique microstructures and 
properties. It is believed that some HEAs can fill the “gaps” left by 
traditional alloys and find applications in demanding industries [6]. 
Although HEAs constitute a relatively new class of materials with a 
huge number of distinctively different compositions, the already intro-
duced alloys can be classified into several categories [4]. The 
best-studied class of HEAs/MEAs is the alloys based on 3d transition 
metals (3D-TMHEAs/3D-TMMEAs) [4,7]. Typical alloys belonging to 
this family are AlCoCrCuFeNi [5] or CoCrFeMnNi [8,9]. The latter alloy 
is known for its exception fracture toughness at cryogenic conditions 
due to the development of nanotwinning in the single fcc solid solution 
structure [10]. The unique deformation behavior of CoCrFeMnNi and 
related alloys has been the subject of extensive investigations [7]. 
Generally, alloys based on 3d transition elements can have fcc phase, 
duplex fcc + bcc, or bcc-based structures, with the possible presence of 
different types of intermetallic phases [4,11–14]. In terms of chemical 
compositions, structures, and mechanical properties, they often can be 
considered as heavily alloyed “branches” of traditional steels or 
Ni-based superalloys. 
Another well-developed alloy family is the so-called refractory 
HEAs/MEAs (RHEAs/RMEAs) [4,15]. RHEAs/RMEAs are based on re-
fractory elements in a broad sense, i.e. Cr, Hf, Mo, Nb, Ta, Ti, V, W, and 
Zr. Some non-refractory or non-metallic elements like Al or Si are often 
added. The initial purpose of RHEAs was the development of new ma-
terials for high-temperature applications in the aerospace sector [16]. 
Indeed, some of the alloys have demonstrated remarkable strength at 
high temperatures, outperforming even Ni-based superalloys in terms of 
temperature capacity [17–20]. However, identification of RHEAs/R-
MEAs with a balanced combination of high-temperature strength, 
ductility and toughness, and environmental resistance, remains a sig-
nificant problem. RHEAs tend to have bcc-based structures, with the 
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possible presence of B2, Laves, MxAly, and other phases [15]]. 
The so-called low-density HEAs/MEAs (LDHEAs/LDMEAs) represent 
third, yet much less studied alloy family [4,21]. There is no acknowl-
edged definition of LDHEAs/LDMEAs in terms of chemical composition 
yet, however, it is believed that their density must be below 7 g/cm3 [22, 
23]. Elements with a low density such as Al, Be, Li, Mg, Ti, and Zn are 
usually used, as well, however, as other elements with higher density. 
Therefore, some alloys based on 3d elements [24] and RHEAs [25,26] 
can be also considered as LDHEAs. 
Due to a high diversity of the chemical compositions, it is difficult to 
establish regularities in the phase structure of LDHEAs/LDMEAs. How-
ever, as most of the elements with the low density have very different 
atomic and crystal structures, they tend to form intermetallic com-
pounds due to limited mutual solubility [27]. As a result, many alloys 
have complex multiphase structures and limited ductility [28,29]. 
Moreover, the boiling and melting temperatures of the low-density el-
ements also vary strongly. This makes the production of LDHEAs/LD-
MEAs using standard metallurgical practices rather complicated [4]. 
Powder metallurgy can be used to produce complex alloys success-
fully; among different powder metallurgy methods, a combination of 
mechanical alloying (MA) with spark plasma sintering (SPS) is a 
promising route to obtain different HEAs/MEAs [30–35]. The prepared 
alloys had almost 100% density, fine (often nano-grained) and relatively 
stable microstructure, and promising mechanical and functional prop-
erties. However, the production of LDHEAs/LDMEAs by MA followed by 
SPS has not been comprehensively studied so far [36]. Thus, the ob-
jectives of the present study are to produce by powder metallurgy, i.e. by 
MA with subsequent SPS, the low-density (ρ ≈ 5.23 g/cm3, estimated by 
a rule of mixtures) AlCrFeTi medium entropy alloy and (ii) to examine 
microstructure and mechanical properties of the alloy. Note that me-
chanical alloying of the AlCrFeTi mixture was reported in Ref. [37], but 
to the best of authors’ knowledge, the structure and properties of a bulk 
alloy were never reported. Considering the non-equilibrium nature of 
the MA and SPS processes, specific attention is given to the estimation of 
the obtained microstructure and properties stability. 
2. Materials and methods 
The commercial powders of aluminum (99.7 wt%, particle size < 30 
μm), chromium (99.7 wt%, particle size in the range 10–30 μm), iron 
(99.9 wt%, particle size < 75 μm) and titanium (99.5 wt%, particle size 
< 45 μm) were used as the precursors. An 18 g batch of an initial stoi-
chiometric Al:Cr:Fe:Ti (1:1:1:1 mol) mixture was used for mechanical 
alloying at 694 rpm (jar rotated at 1388 rpm) for 60 min in a water- 
cooling double-station planetary ball mill (Activator 2S, Activator, 
Russia), which is high energy planetary ball mill and allows reaching 
centrifugal acceleration more than 90 g [38]. The milling ball (stainless 
steel, 6 mm diameter) to powder mixture weight ratio was 20:1. Before 
the milling, a stainless steel jar of 250 ml capacity was vacuumed, filled 
by 99.98% pure argon with a pressure of 4 atm and then sealed. It is 
critical to note that the powders became pyrophoric, that is fresh 
as-milled powders could self-ignite after opening the jars. The powders 
were unloaded from jars and loaded to graphite die for SPS in a glove 
box in an argon atmosphere. 
Cylindrical graphite die (the inner diameter of 30 mm) was filled 
with a desired amount of the mixed powder. Then the powder was 
consolidated using a SPS apparatus (Labox 650, Sinter Land, Japan) 
using the following parameters: heated in vacuum (15–20 Pa) at the rate 
of 100 ◦C/min, the temperature of 900 ◦C, under uniaxial loading of 50 
MPa, and dwell time of 10 min. After sintering, the specimen was free 
cooled in vacuum; cooling to room temperature took ~15 min. Disc- 
shaped samples of 30 mm in diameter and 7 mm thick were cut and 
polished for further tests. 
The actual chemical composition of the alloy (measured using energy 
dispersive spectrometry (EDS); the scan area was ~1 × 1 mm2) is pre-
sented in Table 1. The measured composition closely corresponded to 
the nominal one. The density of the alloy was determined using hy-
drostatic weighting (Archimedes’ principle) of three samples measured 
4 × 4 × 6 mm3. The measured density was 5.53 ± 0.07 g × cm− 3. Some 
specimens after SPS were annealed at 1000 ◦C for 24 h with further air 
cooling. Before the annealing, the samples were sealed in a vacuumed 
(10− 2 torr) quartz tube filled with titanium chips to prevent oxidation. 
Structure of the alloy in different conditions was studied using X-ray 
diffraction (XRD), transmission (TEM) and scanning (SEM) electron 
microscopy; the microscopes (both TEM and SEM) were equipped with 
EDS units. XRD analysis was performed using a Rigaku diffractometer 
with CuKα radiation. Specimens for SEM observations were prepared by 
careful mechanical polishing. SEM back-scattered electron (BSE) images 
were obtained using a FEI Quanta 600 FEG microscope. 
Specimens for TEM analysis were prepared by conventional twin-jet 
electro-polishing of mechanically pre-thinned to 100 μm foils, in a 
mixture of methanol (600 ml), butanol (360 ml), and perchloric acid (60 
ml) at a temperature of − 35 ◦C and an applied voltage of 29.5 V. TEM 
investigations were performed using a JEOL JEM-2100 microscope with 
an accelerating voltage of 200 kV. 
Vickers microhardness tests were conducted at room temperature 
using 300 g load. At least 10 measurements per each data point were 
made. Nanoindentation was performed using a Shimadzu DUH-211s 
Dynamic Ultra Micro Hardness Tester with a Berkovich tip. At least 
ten indents were performed on each phase avoiding any influence from 
other phases. The maximum load of 50 mN was applied for 5 s; a loading 
rate was 6.662 mN/s. The hardness was calculated using the Oliver and 
Pharr method [39]. 
Isothermal compressions of rectangular specimens measured 4 × 4 
× 6 mm3 were carried out at room temperature and 600, 700, or 800 ◦C 
using an Instron 300LX test machine equipped with a radial furnace. The 
specimens were placed into the preheated to the testing temperature 
furnace and held for ~10 min to equilibrate the temperature before 
testing. The temperature was controlled by a thermocouple attached to a 
side surface of the specimen. The initial strain rate was 10− 4 s− 1. 
The equilibrium phase diagram was constructed using a Thermo-Calc 
2020a software and a TCHEA3 database. 
3. Results 
3.1. Powder after mechanical alloying 
Fig. 1a shows the XRD pattern of the AlCrFeTi alloy powder after MA. 
Several wide peaks are visible; all the observed peaks can be ascribed to 
a bcc solid solution with the lattice parameter of 0.291 nm. Besides, a 
typical of amorphous structures “halo” was observed at low 2θ angles. 
SEM investigation has revealed that the obtained powder with a size of 
about 4–7 μm had a polygonal shape with sharp edges. The EDS maps 
(Fig. 1c–f) suggested a homogeneous distribution of alloying elements 
inside the powder. Finally, TEM examination of the obtained powder has 
also revealed the presence of amorphous matrix (amorphous “halo” at 
the selected area electron diffraction (SAED) pattern) with some nano-
particles/grains of the bcc phase, also evident from the diffraction 
maximums identified in the SAED pattern (Fig. 1g). EDS scanning has 
not revealed noticeable variations between the chemical compositions 
of the amorphous and bcc phases. 
Table 1 
Chemical composition of the typical structural constituents in the AlCrFeTi alloy 
after SPS (numbered in Fig. 2c), as per SEM-EDS measurement.  
Structural constituent Elements, at.% 
# Designation Al Ti Fe Cr 
1 Matrix 26.4 25.4 26.1 22.1 
2 Light particles 25.1 16.9 21.4 36.5 
3 Dark particles 33.3 23.4 21.8 21.5 
Actual composition 26.7 23.2 25.9 24.2  
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Fig. 1. Structure of the AlCrFeTi alloy powder 
after mechanical alloying: (a) – XRD pattern; (b) – 
SEM image; (c–f) – EDS maps; (g) – TEM images 
with a corresponding selected area electron 
diffraction (SAED) pattern. Note that XRD for the 
alloy after SPS and SPS with subsequent annealing 
at 1000◦С are also shown in Fig. 1a. The obser-
vation area for the EDS maps is indicated with a 
red box in Fig. 1b. (For interpretation of the ref-
erences to colour in this figure legend, the reader 
is referred to the Web version of this article.)   
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3.2. Structure after spark plasma sintering 
As per XRD results (Fig. 1a) SPS changed the phase composition of 
the AlCrFeTi alloy significantly. In addition to the previously existed bcc 
phase, multiple peaks attributed to either the C14 (hexagonal) Laves or 
(and) L12 phases were detected. The lattice parameters of the bcc phase 
increased slightly to 0.292 nm. The lattice parameters of the Laves 
phases were a = 0.490 nm and с = 0.795 nm, while the L12 phase had a 
lattice parameter of 0.714 nm. 
SEM observations have revealed quite a complex microstructure in 
the alloy after SPS (Fig. 2). In a low magnification image (Fig. 2a), 
darker and lighter areas were found. The lighter areas mostly appeared 
as individual “particles” separated by the darker areas. Both these areas 
were close to the equiatomic composition, yet somewhat (by 1 at.%) 
higher Al concentration was found in the darker areas, while the per-
centage of Fe was similarly higher in the lighter areas. Note that very 
limited porosity (<1%) was found by metallographic observations; some 
pores are identified with arrows in Fig. 2a. 
A higher magnification image shows that the darker and lighter areas 
visible in Fig. 2a differ from each other by their phase compositions 
(Fig. 2b and c). Three phases with different contrasts were revealed 
using BSE: a grey matrix phase (indicated as #1 in Fig. 2c), light parti-
cles (#2), and dark particles (#3). More dark particles were found in the 
darker areas on low magnification areas (Fig. 2b) and vice versa. 
Note that the particles containing lighter elements appear darker in 
the BSE images. The appearance of different phases is consistent with 
their chemical composition as determined by EDS analysis (Table 1): the 
grey matrix had a close to equiatomic composition (slightly enriched 
with Fe and Ti), the dark particles were enriched with Al, and the light 
particles – with Cr. The estimated volume fraction of the light and dark 
particles was 10% and 7%, respectively. The size of the light and dark 
particles was, respectively, 0.21 ± 0.09 μm and 0.28 ± 0.08 μm. 
TEM analysis was performed further to characterize the micro-
structure of the alloy in more detail (Fig. 3). The bright-field image has 
revealed a complex mixture of grains/particles of different phases. The 
average grain/particle size was 115 ± 100 nm. Boundaries of the grains/ 
particles were rather diffuse; a complex contrast inside some of the 
grains/particles can imply internal stresses. The correlative analysis 
using EDS measurements of chemical composition and determination of 
the crystal structure via SAED patterns allows accurate identification of 
the constitutive phases. The phases were: (i) C14 Laves phase matrix 
enriched with Ti and Fe; (ii) bcc particles, enriched with Cr (visible as 
the dark particles in the SEM-BSE images (Fig. 2); (iii) L12 particles, 
enriched with Al (visible as the light particles). No signs of the amor-
phous phase were found. 
Some discrepancies between the results of the chemical analysis 
presented in Tables 1 and 2 can be attributed to a limited spatial reso-
lution of the SEM-EDS system, not sufficient for accurate measurements 
of the chemical composition of fine grains/particles of the different 
phases. Nevertheless, SEM data is used hereafter for the determination 
of grain/particle sizes and fractions since it provides better statistics and 
allows easier distinguishing between the different phases due to the 
material contrast. 
Fig. 2. SEM-BSE images of the AlCrFeTi alloy after SPS with different magnifications; typical structural constituents used for the chemical analysis (Table 1) are 
indicated in Fig. 2c. The observation areas for a higher magnification images are indicated with black boxes. Pores were indicated with black arrows. 
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3.3. Microstructure stability 
To estimate the stability of the microstructure produced by SPS, the 
alloy was annealed at 1000◦С for 24 h. However, the annealing had 
quite a limited effect on the structure of the AlCrFeTi alloy. XRD has not 
detected any noticeable changes in comparison with the as-sintered 
condition (Fig. 4). SEM investigations have also not revealed signifi-
cant changes in the microstructure. Three typical constituents were 
found: the grey Laves phase matrix (#1 in Fig. 4b), the light bcc particles 
(#2), and the dark L12 particles (#3). The fractions of the phases were 
somewhat affected by annealing treatment: the amount of the bcc phase 
and L12 phases increased to 13% and 11%, respectively. Some insig-
nificant coarsening was also observed: the size of the bcc particles and 
L12 phase particles increased to 0.24 ± 0.13 μm and 0.30 ± 0.10 μm, 
respectively. The chemical composition of the phases was very close to 
that after SPS (compare Tables 1 and 3). 
Fig. 3. TEM bright-field image of the microstructure of the AlCrFeTi alloy after SPS and corresponding selected area electron diffraction (SAED) patterns taken from 
representative structural constituents, denoted with numbers. 
Fig. 4. SEM-BSE images with different magnifications of the AlCrFeTi alloy after SPS and annealing at 1000 ◦C for 24 h; typical structural constituents used for 
chemical analysis (Table 3) are denoted in Fig. 4b. The observation area for a higher magnification image is indicated with a black box. 
Table 2 
Chemical composition of the typical structural constituents in the AlCrFeTi alloy 
after SPS (numbered in Fig. 3), measured using TEM-EDS.  
Structural constituent Elements, at.% 
# Crystal structure Al Ti Fe Cr 
1 C14 Laves 13.9 32.8 31.5 21.8 
2 bcc 16.5 13.6 19.5 50.4 
3 L12 59.9 17.1 13.0 10.0  
Table 3 
Chemical composition of the typical structural constituents in the AlCrFeTi alloy 
after SPS and annealing at 1000 ◦C for 24 h, denoted with numbers in Fig. 4b, as 
per SEM-EDS measurement.  
Structural constituent Elements, at.% 
# Designation Al Ti Fe Cr 
1 Matrix (C14 Laves) 21.2 26.2 34.0 18.6 
2 Light particles (bcc) 20.4 10.7 22.2 46.7 
3 Dark particles (L12) 32.3 23.1 23.1 21.5 
Actual composition 26.7 23.2 25.9 24.2  
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TEM investigations (Fig. 5) have also not revealed significant 
changes in the microstructure. Some coarsening of grains/particles can 
be noted; their size increased to 140 ± 120 nm. Sharp, clean grain/ 
interphase boundaries also must be noted. The same 3 phases, namely 
(Fe, Ti)-rich C14 Laves phase matrix, Cr-rich bcc particles, and Al-rich 
L12 particles were found (Fig. 5, Table 4). 
3.4. Mechanical properties 
Measurements have revealed a high microhardness of the alloy after 
SPS of 1090 ± 120 HV (Fig. 6a), which decreased after annealing at 
1000◦С for 24 h to 870 ± 70 HV (Fig. 6b). For a more in-depth analysis, 
nanoindentation was performed to examine the mechanical response of 
individual phases. The following observations were made: (i) the C14 
Laves phase is the hardest and the stiffest, the L12 phase has similar to 
the Laves phase Young’s modulus but 20–40% lower nanohardness, and 
the bcc phase has two times lower hardness than the L12 phase and 
~50% lower Young’s modulus than the two other phases; (ii) annealing 
has resulted in ~20% reduction in the hardness of the Laves phase, while 
the hardness of the other phases was hardly affected; (iii) annealing has 
barely affected Young’s moduli of the constitutive phases. 
In addition, compression tests at different temperatures were con-
ducted (Fig. 7). At room temperature, the alloy after SPS fractured at 
~1100 MPa immediately after yielding (Fig. 7a). Similar behavior was 
observed at 600 ◦C, yet the alloy fractured at even lower stresses of 
~550 MPa. Some signs of ductility were revealed during testing at 700 
◦C; the alloy had the yield strength of 880 MPa but fractured soon after 
yielding. Finally, the alloy became ductile at 800 ◦C and had not frac-
tured even after 50% height reduction. Yet, the yield strength of the 
alloy was low – 245 MPa. After yielding, the flow stress slowly increased 
with strain. 
Annealing did not affect noticeably the mechanical behavior of the 
AlCrFeTi alloy both at room temperature and 600◦С (Fig. 7b): the alloy 
fractured in the elastic region at ~1100 MPa and ~350 MPa, respec-
tively. Meanwhile, the alloy demonstrated a combination of reasonable 
ductility of 9.5% and a high yield strength of 1430 MPa. After yielding, 
the alloy showed a short work hardening stage and reached the peak 
stress of 1690 MPa. A flow softening stage and fracture was observed 
afterward. At 800 ◦C, the annealed alloy behaved similarly to that after 
SPS; the yield strength was somewhat higher (270 MPa), however. 
4. Discussion 
In the present work, the microstructure and mechanical properties 
evolution of the AlCrFeTi LDMEA alloy after MA, SPS, and subsequent 
annealing were examined. Mechanical alloying has resulted in the for-
mation of the amorphous and bcc solid solution phases (Fig. 1). Amor-
tization of the alloy after MA deserves additional attention since it has 
not been frequently reported for HEAs [40]. Different phenomenological 
criteria can be used to predict the formation of the different types of 
phases, including solid solution, intermetallic, and amorphous [41]. For 
example, there are thermodynamic parameters like the entropy of 
mixing [5], 
ΔSmix = − R
∑
ci ln ci (1)  
where R is the gas constant and ci is the atomic fraction of element i. 
There is also enthalpy of mixing [42], 
ΔHmix =
∑
4ωijcicj (2)  
where ωij is a concentration-dependent interaction parameter between 
elements i and j in a sub-regular solid solution model [43]. The two 
parameters above can be combined by thermodynamic parameter Ω 
[44],  
Ω = TmΔSmix/|ΔHmix|                                                                      (3) 
where Tm =
∑
ciTmi and Tmi is the melting temperature of element. 






where ci and ri are the atomic fraction and the atomic radius, respec-
tively, of element i, r =
∑
ciri is the average atomic radius. Only solid 
solution phases were found to form in many HEAs if Ω ≥ 1.1 and δr ≤
6.6% [44]. The amorphous structure is expected at lower Ω and higher 
δr. The program AlCrFeTi alloy has Ω = 1.26 and δr = 6.72, i.e. almost 
meets the solid solution structure formation criteria. However, the alloy 
has been produced using a highly non-equilibrium method, i.e. MA. The 
formation of amorphous phases in simpler alloys after MA [45,46] (and 
other non-equilibrium processes [47]) has been frequently reported and 
was usually attributed to the introduction of different lattice defects 
during the milling process [45,46]. Moreover, the probability of 
amorphization is a function of not only alloy composition (reflected by 
equations (3) and (4)), but also of the process parameters (milling in-
tensity, ball-to-powder ratio, etc) [48]. However, the examination of the 
effect of MA parameters on the structure formation in the program HEA 
is beyond the scope of the current paper. 
More complex microstructure, composed of a mixture of the (Fe, Ti)- 
rich C14 Laves phase, Cr-rich bcc solid solution, and Al-rich L12 phase 
was found after SPS and subsequent long-term annealing at 1000 ◦C 
(Figs. 1a, 2-5). The amorphous phase after MA is metastable in most 
alloys and is expected to transform into crystalline, possibly even 
intermetallic phase(s) after heating at temperatures above a certain 
level, often called “glass transition” temperature (Tg) [49,50]. Generally, 
Tg is about 0.50–0.65 Tm (Tm – melting temperature, Tm of the AlCrFeTi 
Fig. 5. TEM bright-field image of the AlTiFeCr alloy after SPS and annealing at 
1000◦С for 24 h; typical structural constituents used for chemical analysis 
(Table 4) are numbered. 
Table 4 
Chemical composition of the typical structural constituents in AlCrFeTi alloy 
after SPS and annealing at 1000◦С for 24 h (denoted with numbers in Fig. 5), 
measured by TEM-EDS.  
Structural constituent Elements, at.% 
# Designation Al Ti Fe Cr 
1 Matrix (C14 Laves) 19.6 29.8 31.3 19.3 
2 Light particles (bcc) 16.0 9.4 17.4 57.2 
3 Dark particles (L12) 64.5 14.9 12.3 8.3  
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alloy = 1910 K as per the ThermoCalc results (see below)) [51]. The Tg of 
the AlCrFeTi alloy is obviously lower than SPS temperature (900 ◦C, 
0.61 Tm). Therefore, during SPS amorphous phase crystallizes with the 
formation of several complex phases. 
The complex multiphase structure in the AlCrFeTi alloy cannot be 
readily anticipated from the phenomenological parameters (i.e. Ω and 
δr) analysis. Examination of the corresponding binary and ternary phase 
diagrams have revealed that all the elements had limited mutual solu-
bility; each binary and ternary phase diagram contained one or more 
intermetallic phase(s) [52]. For instance, the Al-(Cr, Fe, Ti) binaries each 
contained multiple intermetallic phases, Cr-(Fe, Ti) each contained an 
intermetallic phase (FeCr σ-phase or Cr2Ti phase; the latter can have 
different polymorphs), and the Fe–Ti binary contained two intermetallic 
phases (Fe2Ti and FeTi). A powerful tool for analysis of phase stability in 
such multicomponent alloys is the so-called CALPHAD (CALculation of 
PHAse Diagrams) [16]. In this work, we have constructed an equilib-
rium phase diagram [53,54] of the AlCrFeTi alloy using the Thermo-Calc 
software (Fig. 8, Table 5). 
According to the obtained equilibrium phase diagram, the solidifi-
cation of the alloy starts at 1617◦С with the bcc phase. The alloy has 
quite a prolonged solidification interval, and the liquid phase disappears at 1467◦С via the eutectic L→bcc + C14 Laves phase reaction. As a 
result, the as-solidified alloy must be composed of the primary bcc and 
the eutectic bcc + C14 Laves phase mixture. The as-solidified bcc phase 
is enriched with Cr (~29 at.%), while the Laves phase is mostly 
composed of Fe and Ti (~31–34 at.%). With a further decrease in tem-
perature, the fraction of the bcc phase decreases and the fraction of the 
C14 Laves phase increases. For example, at 900 ◦C, the ratio between the 
bcc and Laves phases was ~1:2. Cr partitions mainly to the bcc phase: at 
900◦С its concentration in the bcc phase is 47 at.%, while the Laves 
Fig. 6. Micro- and nano-hardness and Young’s modulus of the AlCrFeTi alloy and its constitutive phases after SPS (a) and after SPS and further annealing at 1000◦С 
for 24 h (b). 
Fig. 7. Engineering compression stress-strain curves of the AlCrFeTi alloy after SPS (a) and after SPS and further annealing at 1000◦С for 24 h (b).  
Table 5 
Fractions and chemical compositions of the equilibrium constitutive phases of 
the AlCrFeTi alloy at 900 ◦C.  
Phase Fraction Amount of component, at.% 
Al Cr Fe Ti 
bcc 0.365 25.44 47.35 12.71 14.50 
C14 Laves 0.635 23.17 12.16 32.06 32.61  
Fig. 8. Equilibrium phase diagram of the AlCrFeTi alloy.  
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phase contains only 12 at.% of Cr (Table 5). The bcc phase is also 
depleted of Fe and Ti (~13–15 at.%), whereas Al is almost equally 
distributed between the bcc and Laves phases. A G phase (space group: 
225) with the chemical composition close to Al2FeTi is expected to 
precipitate at 593 ◦C. 
The experimental phase composition of the AlCrFeTi alloy after SPS 
and annealing agrees reasonably with the prediction (Fig. 8). For 
example, the phase diagram correctly predicts C14 Laves as the major 
phase and the bcc phase as the secondary one; the elemental partitioning 
is also quite correctly predicted (compare Tables 2, 4 and 5). However, 
the experimental fraction of the bcc phase (10–13%) is lower than the 
predicted one (~30%); besides no Al-rich L12 phase is predicted. 
Instead, the Al-rich G-phase with much lower solvus temperature (~600 
◦C) and somewhat different chemical composition is expected to form. 
These inaccuracies can be attributed to imperfections of the available 
databases [55]. Although the database used (TCHEA 3.0) contains a full 
description of all six binaries of the Al–Cr–Fe–Ti system, only one of the 
ternaries is fully accessed (Al–Fe–Ti), two are accessed only partially 
(Al–Cr–Fe and Al–Cr–Ti), and one is not accessed at all (Cr–Fe–Ti) [56]. 
Nevertheless, a reasonable agreement between the calculated and 
experimental results suggests that the CALPHAD approach can be used 
to predict phases and to optimize the chemical composition of the 
AlCrFeTi HEA and similar alloys even when they are prepared by MA 
and SPS. 
One of the relatively unexpected findings of the present work is the 
high stability of the microstructure obtained by SPS during annealing. 
Although the phase composition of the AlCrFeTi is supposed to be quite 
stable between 900 and 1000 ◦C per the phase diagram (Fig. 8), the 
structure after SPS contains a high density of grain/interphase bound-
aries (Fig. 3) that should provide sufficient driving force for structure 
coarsening [57]. Moreover, the annealing temperature of 1000◦С cor-
responds to a rather high homologous temperature of 0.68 Tm. Yet, the 
average size of grains/particles increased only from 115 to 140 nm after 
24 h annealing. The relative stability of the microstructure can be 
attributed to two factors: (i) the ordered C14 Laves matrix phase; (ii) the 
presence of fine particles of the secondary bcc/L21 phases. Coarsening of 
such a multiphase microstructure requires a diffusive mass transfer. Yet, 
it is well established that diffusion in intermetallics like the Laves phase 
is rather slow since random vacancy migration mechanism cannot 
operate in the ordered materials [63,64]. Besides, the presence of the 
bcc/L21 particles at grain boundaries in the Laves phase matrix can 
impede their motion due to the well-known Zener drag mechanism 
[65–68]. 
Mechanical testing has revealed a high hardness and brittleness of 
the AlCrFeTi alloy at room temperature (Figs. 6 and 7). This is not 
surprising given the ordered nature of the matrix Laves phase and the 
fine-grained microstructure. Some decrease in the hardness of the alloy 
from 1090 to 870 HV after annealing can be attributed to lower grain 
boundary strengthening due to the coarsening of the grain/particle size. 
Also, annealing results in an increment in ductility: after SPS, the alloy 
exhibited brittle fracture at 700 ◦C, while in the annealed condition, the 
alloy becomes ductile at 700◦С. The transition from a brittle to ductile 
behavior of different HEAs due to heat treatment [58] or thermo-
mechanical processing [59] were reported earlier. In the present case, 
the increment in ductility after annealing can be attributed to the (i) 
grain/particle coarsening; (ii) the higher fraction of the softer bcc phase 
(13 vs 10%). 
However, the above reasoning cannot explain the simultaneous in-
crease in the strength of the annealed alloy with an increase in the 
testing temperature. It is known that some alloys exhibit a positive 
temperature dependence of yield strength on temperature [60]. The 
well-known example is the alloys with L12 structure [61]. In this case, 
the positive dependence is attributed to the exhaustion of dislocations by 
cross-slip from {111} glide planes to {010} planes on which they are 
sessile. Presumably, the presence of L12 particles and positive temper-
ature dependence of their strength can be the reason for the observed 
increase of the strength of the AlCrFeTi alloy at 700 ◦C. 
Meanwhile, the annealed AlCrFeTi alloy demonstrated a very high 
yield strength of 1430 MPa at 700 ◦C. Together with a low density of 
5.53 g × cm− 3 this results in an exceptionally high specific strength. The 
specific yield strength (SYS) at 700 ◦C of the AlCrFeTi alloy after 
annealing is compared in Fig. 9 with the high-temperature properties of 
the AlCr1.5NbTiV [20], AlCr0.5Nb0.75TiV1.25Zr0.5 [62], AlMo0.5NbTa0.5-
TiZr [17], and Al0.5Mo0.5NbTa0.5Zr [63] RHEAs, as well as with those of 
commercial Ni-based superalloy Inconel 718 [64] and TiAl-based TNM 
alloy [65]. It is seen that SYS of the AlCrFeTi alloy at 700 ◦C (258 kPa ×
m3/kg) is higher than (extrapolated) SYS of the most capable RHEAs and 
is superior to commercial materials. This makes AlCrFeTi alloy prom-
ising for high-temperature applications. Also note that the alloy is 
mostly composed of inexpensive elements like Al, Cr, and Fe, and is 
likely to have reasonable oxidation resistance due to the high fractions 
of Al and Cr. However, further studies are required to examine proper-
ties of the alloy in detail and possibly to optimize the alloy composition 
and processing route to enhance properties (for example, 
room-temperature ductility). 
5. Conclusions 
In the present work, the microstructure and mechanical properties of 
the AlCrFeTi medium entropy alloy produced by mechanical alloying 
and subsequent spark plasma sintering were examined. The following 
conclusions were drawn: 
Mechanical alloying produced the AlCrFeTi powder with a homo-
geneous chemical composition composed of amorphous and bcc phases. 
Consolidation of the obtained powder by spark plasma sintering at 900 
◦C resulted in the production of dense bulk specimens. The density of the 
alloy was 5.53 ± 0.07 g × cm− 3. Sintering has also resulted in the for-
mation of the (Fe, Ti)-rich C14 Laves matrix phase and secondary Cr-rich 
bcc phase and Al-rich L12 phase. The phase composition of the sintered 
alloy was in reasonable agreement with the ThermoCalc predictions. 
Annealing at 1000 ◦C has resulted in both coarsening of grains/particles 
and an increase in the fraction of the secondary phases; however, quite 
minor changes suggest rather high stability of the microstructure. 
The sintered and annealed AlCrFeTi alloy had a high hardness of 
870–1090 HV and pronounced brittleness at room temperature. The 
alloy after SPS demonstrated compression ductility at only 800 ◦C, while 
after annealing the alloy became ductile at 700 ◦C. Moreover, the 
annealed alloy demonstrated high yield strength of 1430 MPa and 
Fig. 9. Comparison between the specific yield strength of the AlCrFeTi alloy 
with some other HEAs and commercial alloys. 
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exceptional specific yield strength of 258 kPa × m3/kg, superior to other 
high entropy alloys and commercial high-temperature alloys. However, 
the alloy softened considerably at 800 ◦C. 
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